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Abstract Flood hazard is a function of the magnitude and spatial pattern of precipitation accumulation.
The sensitivity of precipitation to atmospheric temperature is investigated for idealized extratropical
cyclones, enabling us to examine the footprint of extreme precipitation (surface area where accumulated
precipitation exceeds high thresholds) and the accumulation in diﬀerent-sized catchment areas. The
mean precipitation increases with temperature, with the mean increase at 5.40%/∘C. The 99.9th percentile
of accumulated precipitation increases at 12.7%/∘C for 1 h and 9.38%/∘C for 24 h, both greater than
Clausius-Clapeyron scaling. The footprint of extreme precipitation grows considerably with temperature,
with the relative increase generally greater for longer durations. The sensitivity of the footprint of extreme
precipitation is generally super Clausius-Clapeyron. The surface area of all precipitation shrinks with
increasing temperature. Greater relative changes in the number of catchment areas exceeding extreme
total precipitation are found when the domain is divided into larger rather than smaller catchment areas.
This indicates that ﬂuvial ﬂooding may increase faster than pluvial ﬂooding from extratropical cyclones in a
warming world. When the catchment areas are ranked in order of total precipitation, the 99.9th percentile is
found to increase slightly above Clausius-Clapeyron expectations for all of the catchment sizes, from 9 km2
to 22,500 km2. This is surprising for larger catchment areas given the change in mean precipitation. We
propose that this is due to spatially concentrated changes in extreme precipitation in the occluded front.
1. Introduction
Fluvial ﬂooding is caused by high total precipitation in a given catchment area. It is therefore dependent on
both heavy precipitation and spatially concentrated precipitation falling within a catchment area; in contrast,
extreme precipitation in a small area is capable of causing pluvial ﬂooding, with the risk of pluvial ﬂooding
enhancedwhen there is a greater area of extreme precipitation [Chen et al., 2010]. Therefore, both the surface
area of precipitation and the total precipitation in catchment areas relate to ﬂood hazard. Here, for the ﬁrst
time, their dependence on atmospheric temperature is investigated for extratropical cyclones.
The Clausius-Clapeyron (C-C) relation describes the water-holding capacity of the atmosphere and implies
an approximate increase of 7%/∘C at typical near-surface temperatures [Trenberth et al., 2003]. Global mean
precipitation is not predicted to increase at this rate due to the constraint of the energy budget of the tropo-
sphere [Allen and Ingram, 2002]. However, there is growing evidence that extreme precipitation can increase
at a rate greater than both the global mean and C-C scaling. This evidence comes in the form of observa-
tional and modeling studies, examples include Berg and Haerter [2013], Lenderink and Van Meijgaard [2008,
2010], Liu et al. [2009], Singleton and Toumi [2013],Westra et al. [2014], Kendon et al. [2014],Molnar et al. [2015],
and Berg et al. [2013]. One suggested reason for the super C-C scaling of precipitation is that the extra latent
heat release invigorates the storm [Trenberth et al., 2003]. Alternatively, it may be a result of a transition from
large-scale to convective precipitation as temperature increases [Berg and Haerter, 2013]. Although, it has
been shown that super C-C changes can occur in a simple entraining plumemodel [Loriaux et al., 2013]. There
is also evidence that the extreme precipitation in extratropical cyclones will increase at a rate greater than
the mean [Bengtsson et al., 2009]. A high-resolution study over the UK revealed super C-C changes for heavy
summer time precipitation, with about half of the heaviest events in the summer associated with large-scale
storms (embedded convection within a front, mesoscale convective systems, or squall lines) [Kendon et al.,
2014]. An important advantage of modeling idealized extratropical cyclones is that any change in precipita-
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diﬀerent types of weather systems. The sensitivity of an idealized extratropical cyclone to increasedmoisture
has been tested previously [Booth et al., 2013]. The authors foundmonotonic increases in the storms’ intensi-
ﬁcation rate, central minimum pressure, extreme surface winds, and precipitation with increasedmoisture. In
addition, they found that the horizontal scale of the storm decreased when moisture was increased beyond
current levels. This study focuses on changes in precipitation with increased temperature and hence mois-
ture, and diﬀers from Booth et al. [2013] as the experiments are carried out at a resolution where convection is
explicitly represented. This increases the detail and robustness of the results allowing several diﬀerent aspects
of the precipitation change with temperature to be examined: the footprint of precipitation; a comparison of
how precipitation changes compare with those we would expect from the C-C relation; the spatial pattern of
the extreme precipitation; and the total accumulated precipitation in catchment areas of diﬀerent sizes.
2. Methodology
TheWeather Research and Forecastingmodel (WRF v3.6.1) [SkamarockandKlemp, 2008] was used to simulate
an idealized extratropical cyclone. The initial condition of all the experiments was a baroclinically unstable jet
in hydrostatic balance. The domain was 1333 × 2667 with 3 km horizontal resolution, 65 𝜂 levels, a model top
of 16 km, and the Coriolis parameter was set to be constant at 0.0001 s−1. The initial wind ﬁeld was a zonal
jet with a maximum wind speed of 67 m/s with the meridional and vertical velocity set to zero. The zonal jet
and potential temperature ﬁeld are shown in the supporting information. The initial relative humidity (RH) is
speciﬁed as





where z is the height (m) and RH is set to 0.1 above 8000 m and to have a maximum of 0.7 throughout. The
lateral boundaries were periodic in the x direction and symmetric in the y direction. The surface boundary
conditionwas set to be land at a constant temperature identical to the initial surface temperature, with a con-
stant roughness length of 0.1m and amoisture availability of 0.3 (where amoisture availability of 1 represents
an ocean surface). To initiate the experiments a thermal perturbation (1∘C) was applied.
The periodic boundaries allowed the storm to cross the domain several times, meaning that some grid cells
had signiﬁcant precipitation because the same front had passed them twice. To prevent this from inﬂuencing
the results, in postprocessing the hourly precipitation ﬁeld was mapped onto a domain twice the size, so the
precipitation accumulations represented a single storm passing over a large domain. The following schemes
were chosen: Kessler microphysics [Kessler, 1969] and Yonsei University planetary boundary layer [Hong et al.,
2006]. No shortwave or longwave physics were present. The experiments were runwithout a cumulus param-
eterization scheme. When a cumulus scheme was tested for the control run, it was responsible for a small
fraction of the precipitation, showing that at 3 km resolution convection is explicitly represented; in contrast,
when the control experiment was also run at 10 km and 20 km, the cumulus scheme was responsible for a
signiﬁcant proportion of the precipitation.
The sensitivity to atmospheric temperature was investigated by increasing the initial potential temperature
uniformly vertically and horizontally in order tomaintain dry stability, while including the impact of increased
water vapor. The initial jet was kept the same in all experiments. The surface temperaturewas increased at the
same rate as the atmospheric temperature. Relative humidity was held constant, as a wide variety of global
climatemodels predict that relative humiditywill stay approximately constant under globalwarming [Ingram,
2002]. Results fromﬁve experiments are presented for the idealized extratropical cyclone:−1∘C (𝜃−1), control
(CTL), +1∘C (𝜃 + 1), +2∘C (𝜃 + 2), and +3∘C (𝜃 + 3).
A 5 day period was chosen in which the accumulated precipitation was examined for every 1 h, 6 h, 12 h, and
24 h period. The 99.9th percentiles of accumulated precipitation were found by ranking the grid cells with
precipitation. The footprint of extreme precipitation was deﬁned as the sum of grid cells above the 99.9th
percentile for the CTL. The footprint was calculated for each accumulation period within the 5 days and then
the mean was taken.
In order to compare the experiment precipitation with C-C expectations the CTL experiment precipitation
prCTL was scaled by a ﬁxed percentage for every degree of temperature change relative to the CTL i, to give
an expected precipitation X(i):
X(i) = 1.0736iprCTL (2)
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Figure 1. (a) Evolution of minimum surface pressure (hPa), relative to the initial value for all experiments. (b) Evolution
of mean precipitation (mm). The small values of the mean precipitation reﬂect the fact that at any given time
precipitation is only falling on a small fraction of the very large domain.
The percentage of 7.36% was obtained from the C-C relation using the domain average pressure and
temperature at the top of the boundary layer.
3. Results
In each experiment the initial baroclinically unstable jet was simulated for 10 days. The intensiﬁcation and
domain total precipitation are shown in Figure 1. After 72 h an extratropical cyclone began to evolve and
the minimum surface pressure underwent an almost identical rapid decrease over 48 h of approximately
40 hPa in all the experiments. In the next 48 h there was a more gradual intensiﬁcation of minimum surface
pressure. During this period the warmer experiments generally reached a lower minimum surface pressure.
From 168 h the cyclones gradually weakened. Precipitation began during the rapid intensiﬁcation, with the
domain total reaching its peak, in all experiments, approximately coincidental with maximum intensity. A
5 day period was chosen for the analysis period from the 72nd to the 192nd hour, as this corresponded to the
development and period of maximum intensity of the extratropical cyclones but before they began to signif-
icantly dissipate. Figure 2 shows the surface pressure and precipitation of the CTL experiment at 120 h and
190 h. The cyclone is moving from west to east at approximately 15 m/s. The distribution of precipitation is
similar to the conceptual Norwegian cyclone model [Bjerknes, 1919]. In Figure 2a the most extreme precipi-
tation is occurring southeast of the cyclone center in a narrow band associated with the surface cold front.
North of this band is a wider and shorter band of intense precipitation associated with the warm front. The
wider area of weaker precipitation, east of the cyclone center, is associated with the occluded front, visible
in the temperature at higher levels (not shown). In Figure 2b the precipitation is largely associated with the
occluded front.
Figure 3a shows that the mean precipitation increases with temperature, the average increase was 5.40%/∘C.
This increase is below the expected increase in speciﬁc humidity from the C-C relation 7.36%/∘C. However,
the evolution of the change in mean precipitation (not shown) reveals close to C-C scaling up to 150 h fol-
lowed by a generally sub-C-C increase. Figure 1 also shows the domain total precipitation for the diﬀerent
experiments increasingly converges after 150 h. We suggest that the dynamics of the diﬀerent extratropical
cyclones are such that after 150hmost of the initialmoisture thatwill be rainedouthasbeen removed, and the
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Figure 2. Isobars of surface pressure (hPa) with hourly accumulated precipitation (mm) of the CTL, x and y axes are the
distance from the minimum surface pressure (km) for (a) 120 h and (b) 190 h.
extratropical cyclones then tend to the same state. To quantify how the extreme precipitation changed with
temperature, the 99.9th percentiles of both the combined 1 h and 24 h accumulated precipitation over the
5day analysis periodwere examined,with zero values excludeddue to the size of the domain. Figure 3a shows
both the 99.9th percentiles generally increasing at a rate greater than both C-C scaling and the mean. The
average increases in the 99.9th percentiles were 12.7%/∘C and 9.38%/∘C for the combined 1 h and 24 h accu-
mulated precipitation, respectively. In the CTL the accumulated precipitation mean (storm total) was 5.8 mm
(excluding zero values), the 99.9thpercentileswere 6.6mmand27.5mmfor the 1hand24haccumulatedpre-
cipitation, respectively. The values of extreme accumulated precipitation over 24 h were only approximately
3 times the 1 h values due to a combination of the speed of the extratropical cyclone and the concentration
of the most extreme precipitation into a relatively narrow band behind the cold front.
The footprint of extreme precipitation was found to increase signiﬁcantly with temperature. To investigate
changes in the footprint of extreme precipitation the surface area above the 99.9th percentile of the CTL
accumulatedprecipitationwasdetermined. Figure 3b shows that this surface areagrewconsistentlywith tem-
perature for 1 h, 6 h, 12 h, and 24 h accumulated precipitation over the 5 day analysis period. To give an idea of
the scale of the absolute changes in the footprint of extreme precipitation, the surface area above the 99.9th
percentile of the CTL for 1 h accumulated precipitation increased from 392,000 km2 for 𝜃−1 to 1,460,000 km2
for 𝜃 + 3 and the same increase for 24 h was from 36,900 km2 to 270,000 km2. The relative growth in the foot-
print of extremeprecipitationwith temperaturewas generally larger for longer accumulationperiods—mean
increases are 74%/∘C and 282%/∘C for 1 h and 24 h, respectively. Longer periods have greater absolute pre-
cipitation, so when the individual grid values are relatively increased (the C-C eﬀect), the cumulative total
(the footprint) undergoes a greater change relative to the smaller precipitation of the shorter time periods.
Figure 3balso shows the increase in the footprint of extremeprecipitation if theCTLprecipitation increasedby
C-C scaling. A clear pattern of super C-C increases in the footprint of extreme precipitation emerges. Absolute
increases in the footprint of extreme precipitation with temperature were progressively closer to expecta-
tions fromC-C relation for accumulated precipitation over longer time periods. The fact that the 24 h footprint
of extreme precipitation was closer to C-C expectations gives evidence that the longer periods have greater
relative changes due to the diﬀerences in the absolute magnitude of precipitation accumulation.
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Figure 3. (a) Mean precipitation and the 99.9th percentiles (excluding zero values) of the combined 1 h and total 24 h
accumulated precipitation, normalized to the CTL (0∘C reference), with Clausius-Clapeyron scaling. (b) Surface area of
1 h, 6 h, 12 h, and 24 h accumulated precipitation above their respective CTL 99.9th percentile (6.6 mm, 16.0 mm,
23.1 mm, and 27.5 mm) over the 5 day analysis period and normalized to the CTL (0∘C reference). Solid lines represent
the outcome of the experiments. Dashed lines show the increase in the surface area if all the CTL precipitation is scaled
with Clausius-Clapeyron expectations.
Figures 4a and 4b show the distribution of the surface area of precipitation for the 1 h and 24 h accumulated
precipitation, respectively. In Figure 4bwe seemarked sub-C-C increases below certain values for the 𝜃+2 and
𝜃+3 cases. Sub-C-C increases are expected as themean precipitation scales slightly below C-C; therefore, the
super C-C scaling of the tail of the distributionmust be balancedwith the sub-C-C elsewhere. The extreme 1 h
accumulated precipitation is spread over a large area; therefore, the extreme 24 h precipitation is often due
to persistent moderate precipitation. This combination of short duration extreme and persistent moderate
precipitation thatmakes up the 24h extremeprecipitation, aswell as the smaller sample size than the 1h case,
explains the diﬀerent distribution shapes for individual temperatures. In order to examine the robustness of
the results thus far, the 99th percentile was chosen and showed similar results.
The surface area of all precipitation—sum of grid cells with nonzero precipitation—was considered. In con-
trast to the footprint of extreme precipitation, the surface area of all precipitation was found to decrease with
increasing temperature, despite the increase in precipitation with temperature (Figure 3a). Figure 5 shows
that the relative decrease in surface area of all precipitation can be seen at nearly all times in the analysis
period. The opposite pattern that can be seen between 72 h and 96 h occurs when the surface area of pre-
cipitation is small, as the cyclone is developing (see Figure 1b). The average decrease in the surface area of all
precipitation, during the analysis period, between the experiments as temperature was increased was 1.34%.
In absolute terms the decrease from CTL to 𝜃 + 1 was 4,429,000 km2 to 4,372,000 km2.
The spatial structure of the footprint of extreme precipitation was examined. Figure 6 shows the size dis-
tribution of clusters (spatially linked grid cells) for the 1 h accumulated precipitation for 𝜃 − 1, 𝜃 + 1, and
𝜃 + 3 as examples. Whether the precipitation clusters were linked temporally was not considered here. A
clear increase in the number of larger clusters of extremeprecipitationwith increasing temperatures is visible.
This leads to a monotonic decrease in fragmentation—number of unique clusters that make up the extreme
precipitation—when normalized by the total area as shown in Figure 7. The correlation with temperature is
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Figure 4. Surface area of precipitation in 1 mm intervals over the 5 day analysis period. Solid lines represent the
outcome of the experiments. Dashed lines show the increase in the area if all the CTL precipitation is scaled with the
Clausius-Clapeyron relation. The reference lines show the location of the 99.9th percentile: (a) 1 h accumulated
precipitation; (b) 24 h accumulated precipitation.
Figure 5. Total surface area of precipitation normalized to the CTL over a 5 day analysis period.
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Figure 6. Number of clusters (linked grid cells) of 1 h accumulated precipitation above the CTL 99.9th percentile, binned
by size of cluster from 0 to 6500 grid cells with intervals of 500 and normalized by their respective total number of
clusters. (a) 𝜃 − 1; (b) 𝜃 + 1; (c) 𝜃 + 3.
Figure 7. Total number of independent clusters (linked grid cells) that make up the 1 h accumulated precipitation above
the CTL 99.9th percentile, normalized by the total number of grid cells above the 99.9th percentile for the CTL. Solid
lines represent the outcome of the experiments. Dashed lines show the increase in the surface area if all the CTL
precipitation is scaled with Clausius-Clapeyron expectations.
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Figure 8. Total number of catchment areas where the mean precipitation exceeds a given threshold for the following
catchment area sizes: (a) 9 km2; (b) 225 km2; (c) 3600 km2; and (d) 22,500 km2.
clear, with an R squared value of 0.75. A decrease of fragmentation is expected as a result of the C-C scaling,
as previously nearby but distinct clusters of precipitation will become linked by grid cells with precipitation
close to but below the 99.9th percentile of the CTL. The experiments showed a decrease in fragmentation
similar to that expected from the C-C relation.
The regionof the domainwhere theprecipitation accumulated in the 5day analysis periodwas identiﬁed. This
entire region was then divided into equally sized squares that represented catchment areas. Diﬀerent sizes
of catchment areas, by varying the length of the squares, were investigated to determine the implications of
the results on ﬂood risk over diﬀerent scales. Figure 8 shows how the number of catchment areas exceeding
extreme accumulated precipitation totals changes with temperature for diﬀerent-sized catchment areas. For
each catchment area size two aspects of precipitation were considered. First, how does the number of catch-
ment areas exceeding a ﬁxed extreme precipitation change with temperature? Second, how does the total
precipitation change in the catchment areas inundate with extreme accumulated precipitation? For the ﬁrst
question the ﬁxed extreme precipitation was chosen as the 99.9th percentile of themean precipitation in the
catchment area for the CTL. The vertical lines in Figure 8 show how the number of catchment areas exceed-
ing this metric increases with temperature, this is also shown in Figure 9a. For the warmer experiments the
change is consistently above C-C relation expectations, except for the 22,500 km2 area. For 9 km2 the number
of catchment areas exceeding 30.9 mmwas 3460 for the CTL and 39,000 for 𝜃+ 3; for 22,500 km2 the number
of catchment areas exceeding 27.4 mmwas 1 for the CTL and 32 for 𝜃 + 3. For the second question the mean
precipitation in the 99.9th percentile catchment area for each experimentwas chosen as themetric (indicated
by the horizontal line in Figure 8). Figure 9b shows that this precipitation increases with temperature either
above or approximately at the C-C rate for all temperature intervals. The mean precipitation accumulated in
the 99.9th percentile of the 9 km2 catchment area increased from 24.8mm for 𝜃+3 in contrast to the 30.8mm
expected from the C-C relation; the same numbers for the 22,500 km2 catchment area size were 23.8 mm
for the CTL and 30 for 𝜃 + 3 compared to 29.3 mm expected from the C-C relation. For all the diﬀerent sized
catchment areas the ones with the most extreme accumulated precipitation were largely in the path of the
occluded front, associated with the wider band of weaker precipitation in Figure 2a, rather than the cold or
warm front. The fronts were distinguished from the vertical velocity and temperature ﬁeld (not shown).
PHIBBS AND TOUMI PRECIPITATION IN EXTRATROPICAL CYCLONES 8750
Journal of Geophysical Research: Atmospheres 10.1002/2015JD024286
Figure 9. (a) Total number of catchment areas exceeding 99.9th percentile of mean precipitation of the CTL normalized
to the CTL. (b) Mean precipitation where number of catchment areas exceeding that precipitation is equal to the
number of catchment areas that exceed the 99.9th percentile of mean precipitation of the CTL.
4. Discussion
Monotonic increases in the mean and extreme precipitation with temperature, and hence moisture, are in
agreementwith increases in accumulated precipitation and precipitation rates found previously, for example,
Booth et al. [2013]; a direct comparison with diﬀerences in the changes in large-scale and cumulus scheme
precipitation is not possible, because the experiments in this studywere run at a resolutionwhere convection
was explicitly represented. The mean precipitation scales close to C-C rate up to the peak precipitation, and
this ﬁts with the expectation that the heaviest rainfall events will scale with the available moisture [Ingram,
2002]. The extreme precipitation generally increased above the mean and C-C rate with increasing tempera-
ture, as seen in Figure 3a. A commonly suggested reason for this is that higher temperatures lead to higher
speciﬁc humidity; in instances of heavy rainfall this will lead to additional latent heat release resulting inmore
uplift and hence more rainfall [Trenberth et al., 2003]. The super C-C scaling of the 99.9th percentile is similar
to the above C-C scaling of precipitation in other studies [Berg andHaerter, 2013; Lenderink andVanMeijgaard,
2008, 2010; Liu et al., 2009; Singleton and Toumi, 2013; Westra et al., 2014]. Until now it has been diﬃcult to
model the large-scale conditions and resolve convection simultaneously [Westra et al., 2014], this study mod-
els both the large-scale conditions and explicitly represents convection in an idealized setup and therefore
provides important further evidence for super C-C scaling of extreme precipitation. The super C-C scaling of
the 99.9th percentile was stronger for the 1 h accumulated precipitation than the 24 h accumulated precipita-
tion. This agreeswith other studieswhere super C-C scalingwas seenon shorter time scales [LenderinkandVan
Meijgaard, 2008;Westra et al., 2014]. There is a greater constraint of available moisture for precipitation accu-
mulated over longer time periods [Trenberth et al., 2003], leading to more of the extreme precipitation being
made up ofmoderate precipitation, and this will in turn exhibit weaker super C-C increases with temperature,
as seen in Figure 4.
The 99.9th percentile generally scaled above C-C for all time periods considered (not shown) and this diﬀers
from Singleton and Toumi [2013], where super C-C scaling of precipitation only existed in 1 h accumulated
precipitation at high temperatures. The diﬀerence is thought to arise due to the scale of the system being
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modeled. The increased propagation speed of the squall line at warmer temperatures masked the super C-C
increase in extremeprecipitation [SingletonandToumi, 2013]. Anextratropical cyclonehas amuch larger scale,
and thus in this case the result is a super C-C increase in the extremes that is noticeable across a range of
time periods.
A simple positive shift in a precipitation distributionwill lead to large changes in the footprint of extreme pre-
cipitation relative to the original. Large increases in the footprint of extreme precipitation with temperature
are found here (Figure 3b). Changes in the footprint of extreme precipitation have been compared with the
change expected if the CTL precipitation is scaledwith C-C. Increases in the footprint of extreme precipitation
generally exceeded that expected from a C-C scaling of precipitation. This super C-C scaling of the surface
area of extreme precipitation is due to the 99.9th percentile of accumulated precipitation scaling more than
C-C. When the CTL precipitation is scaled by the average increase found in the 99.9th percentile, the increase
in the footprint of extreme precipitation was close to the actual outcome of the experiments for all time peri-
ods considered (not shown). For 1 h accumulated precipitation the slightly greater rate of increase in the
extreme precipitation with temperature compared to C-C (12.7%/∘C versus 7.36%/∘C), can lead to large dif-
ferences in the surface area of extreme precipitation compared to those we would expect from C-C (74%/∘C
versus 43%/∘C). The increase in the size of the footprint with temperature is closer to C-C expectations for
longer accumulation periods, this is anticipated due to the scaling of the 99.9th percentiles closer to C-C rate
for longer accumulation periods.
The footprint of extreme precipitation has an impact on the likelihood of ﬂooding—extreme precipitation
over a larger area will increase the chance of a catchment area being inundated and precipitation exceeding
the threshold for ﬂooding occurring. The increase in the footprint of extremeprecipitation is particularly large
for accumulated precipitation over longer time periods. This suggests that under warming the ﬂuvial ﬂood
risk (over larger catchments and longer duration) will increase. To fully understand how ﬂuvial ﬂoodingmight
be aﬀected we need to know whether the expansion of the footprint is spatially connected and ultimately
how varyingly sized catchment areas will “see” this change in precipitation.
The decrease in the surface area of all precipitation with temperature, seen in Figure 5, is surprising given the
increase in themean precipitation. But it ﬁts with the picture of the horizontal extent of extratropical cyclones
decreasing when moisture is increased beyond today’s levels found in Booth et al. [2013].
An analysis of the clustering of the precipitation reveals how the footprint of extreme precipitation changed,
as in Figure 6. An increase in the number of larger clusters was found, approximately in line with expecta-
tions from the C-C relation. This increase in the size of clusters indicates that the expansion of the footprint
of extreme precipitation is likely to aﬀect a single catchment area and hence increase the chance of a pluvial
area being inundated and ﬂooding occurring.
The experiments, with the same initial conditions, were also integrated with an ocean surface rather than a
land surface. This resulted in the mean precipitation scaling closer to C-C, greater super C-C changes in the
99.9th percentile of precipitation accumulated over 1 h and 24 h, and similar substantial and generally super
C-C increases in the footprint of extreme precipitation with temperature. These results are shown in Figure S2
in the supporting information. There was also both a decrease in the surface area of all precipitation and
greater extreme precipitation clustering with temperature (not shown).
The impact of temperature change on precipitation accumulated on catchment areas of diﬀerent sizes was
investigated. It is this analysis of our experiments that gives the greatest insight into howﬂood risk fromextra-
tropical cyclonesmight change in the future. Both the number of catchment areas exceeding a ﬁxed extreme
total accumulation of precipitation and the magnitude of total accumulated precipitation in the catchment
areas at the high end of the distribution were considered. The former tells us how we might expect the fre-
quency of catchment areas inundatedwith extreme precipitation to change, and the latter tells us howmuch
themost extremeeventsmight change, bothwith respect to increasing temperature in extratropical cyclones.
Both exhibited super C-Cbehavior. The relative change in the catchment areas exceeding a ﬁxedextreme total
accumulation of precipitation was generally greater for the larger catchment areas. This is consistent with the
greater relative changes in the footprint of extreme precipitation for longer accumulation periods. It implies
that the risk of pluvial ﬂooding is enhanced, but smaller relative to the risk of ﬂuvial ﬂooding. Our ﬁnding is
only relevant for ﬂoods caused by extratropical cyclones; other weather systems may respond diﬀerently to
temperature.
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When the sensitivity of the total precipitation across catchment areas of diﬀerent sizes to temperature was
compared, one might expect larger catchment areas not to exhibit super C-C behavior, as the eﬀect of super
C-C precipitation in one place and time in the catchment area could be balanced by sub-C-C behavior else-
where. Indeed, most of the time we should expect this, as the mean precipitation scales with temperature
at approximately the rate expected from the C-C relation. However, surprisingly, we ﬁnd similar precipitation
change across the range of diﬀerent-sized catchment areas. We believe this is a result of the spatial concen-
tration of super C-C changes in the extreme precipitation, as indicated by Figure 6. It is also interesting to note
that while the most intense hourly precipitation is located in the cold front (Figure 2a), the catchment areas
with the most extreme accumulated precipitation were mainly (or completely for the two larger catchment
areas sizes) in the path of the occluded front where the precipitation was less intense but more sustained.
Precipitation remains one of the most diﬃcult variables to accurately simulate in weather prediction and
climate models. Global models signiﬁcantly underestimate intense precipitation in the midlatitudes while
compensating in light rain [Stephens et al., 2010]. A study into extratropical cyclones during warm and cold
periods showed that certain increases inmaximumprecipitation duringwarmperiodswere only signiﬁcant in
the high-resolutionmodel [Li et al., 2014]. When we carried out the same control experiment on coarser grids
with a horizontal resolution of 10 km and 20 km, the extremes in hourly precipitation intensity were signiﬁ-
cantly lower than at 3 km resolution. This ismost likely a result of theprecipitationnot being fully resolved, and
the cumulus parameterization not adequately representing extreme precipitation. All of this suggests that
relatively low-resolution global climate models may not fully capture increases of extremes in precipitation
or the surface area of heavy precipitation with temperature in extratropical cyclones.
Precipitation in extratropical cyclones in nature is inﬂuenced by many factors that are not included in this
idealized setup; examples include a wide range of initial conditions, interaction with other weather systems,
and topography. These factors could lead to quite diﬀerent values for footprint of extreme precipitation than
those found for this idealized case. To provide further insight into the sensitivity of the extreme precipitation
it would be necessary to simulate a range of past extratropical cyclones and examine their responses to tem-
perature. It should also be noted that this study only examines the thermodynamic response of extratropical
cyclones; dynamic responses to global warming, such as a shift in the storm track over Europe, may dominate
changes in ﬂooding over individual countries.
5. Conclusions
Idealized numerical extratropical cyclone experiments were used to investigate the dependence of precipita-
tion on atmospheric temperature. There were four principal ﬁndings. First, super C-C increases in the extreme
precipitationwere found, for accumulationsof 1h to24h, for theﬁrst time in an idealizedextratropical cyclone
with convection explicitly represented. The high-resolution and idealized nature of the experiments allowed
us to investigate the hitherto unexamined dependence of the footprint of extreme precipitation on tem-
perature. This leads us to the second conclusion: there are substantial increases in the footprint of extreme
precipitation with increases of temperature, these were generally super C-C. The increase in the footprint was
accompanied by greater precipitation clustering. To assess the potential consequences of the results on ﬂood
risk caused by extratropical cyclones the domainwas divided into catchment areas. Our third ﬁndingwas that
greater relative changes in the number of catchment areas exceeding extreme total precipitation accumula-
tions were found for larger rather than smaller catchment areas. An implication of this ﬁnding is that extreme
ﬂuvial ﬂoodingmay increasemore rapidly than pluvial ﬂooding in a warming world. Finally, super C-C behav-
ior was found in the catchment areas inundated with some of the most extreme precipitation, this eﬀect was
present even for large catchment areas of up to 22,500 km2.
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